Ultrasound echocardiograms from the septal and posterior left ventricular walls were displayed with a simultaneously recorded electrocardiogram, phonocardiogram, and indirect carotid pulse. These echoes differed in both amplitude and waveform. 
ANALYSIS BY REFLECTED ULTRASOUND appearances of right ventricular enlargement in patients with atrial septal defect, of left atrial myxoma, and of pericardial effusion.2 A more recent development has been the clear description of echoes arising from the left ventricular walls, which has stemmed from the studies of pericardial effusion by Feigenbaum and associates.3-5 The ability to record the motion of the walls of the left ventricle has led to the development of methods of measuring its volume6 and mural thickness.7 Despite these applications, no Ultrasound studies were performed on 20 subjects with normal hearts, comprising 16 volunteers and four patients referred for cardiac evaluation but found to have no clinical evidence of heart disease. There were 11 males and nine females, with an average age of 27.0 years (range . Three additional patients were studied but excluded from analysis because it was not possible to obtain technically satisfactory simultaneous recordings of echoes from the left septum and posterior left ventricular wall endocardial surfaces. Two of these three subjects were healthy but one had a past history of bronchial asthma.
Six patients with primary myocardial disease were also studied for comparison with the normal subjects. The diagnosis previously had been confirmed by cardiac catheterization in two of them. In the remaining four patients, cardiac catheterization was not indicated since the diagnosis had been made clinically by the presence of left ventricular hypertrophy and failure in the absence of evidence of ischemic heart disease or of a cause of left ventricular overload. The myocardial disease was considered to be due to excessive alcohol consumption in two patients; there was a familial incidence of unexplained heart failure in two patients; and in the remaining two patients there were no clinical clues to the cause of myocardial disease. At the time of the study, the symptoms and signs indicated that four of these patients (patients 2, Circulation, Volume XLVI, July 1972 3, 4, and 6) were in clinical class II (New York Heart Association), and the remaining two were in clinical class III. All but one of these patients (case 3) were receiving digitalis and diuretic therapy at the time of the ultrasound examination. The exception had been in nodal rhythm for several years, and despite the presence of severe myocardial disease his symptoms were not progressive.
Recording Equipment
The principle of medical ultrasound recording and of its application to cardiac investigation had been reviewed recently.8 The methods of study previously reported9 were slightly modified for the present investigation. Two 1.27-cm (0.5-in) 2.25-MHz transducers were used; one* was not focused and the othert focused at 5 cm. No difference was noted in the waveform of the echoes obtained by these transducers. The output of the ultrasonoscopet was displayed and recorded on a multichannel oscillosopic recorder. § This method of recording had advantages over the conventional method of Polaroid photography of the screen of the ultrasonoscope, since echoes could be continuously recorded during systematic scanning of the heart by the ultrasound beam, allowing easier and more certain identification of the cardiac echoes; in addition, the electrocardiogram (lead II), the phonocardiogram (second left intercostal space), and the indirect carotid pulse could be recorded with the echogram.
Recording Technic
The subjects were studied initially in the semireclining posture with the trunk -elevated to an angle of approximately 45°. The echoes from the interventricular septum were more easily obtained when the subject was rotated into the right oblique position. This maneuver usually increased the distance of left ventricular echoes from the transducer but there was no perceptible change in echo contour nor in the distance between the left ventricular walls.
The scanning procedure commenced with the transducer in the third or fourth left intercostal space near the left sternal edge. Figure 1 illustrates the waveform of echoes obtained from the heart when the ultrasound beam is passed along directions 1-4 in figure 2 , which is a 4 S _ 1s, Figure 1 Ultrasound recordings illustrating the waveform of the echoes obtained when the ultrasound beam passes along directions 1 to 4 in figure 2. Direction 4 ).
The ultrasonic left ventricular dimension was measured only in recordings showing simultaneous resolution of echoes from the endocardial surfaces of both left ventricular walls as previously described ( fig. 1, direction 2) . The distance between left septal and posterior left ventricular wall endocardial surfaces was measured to the nearest 0.5 mm at 25-msec intervals and manually superimposed as a graph onto the photographic recordings of the ultrasound echoes and physiologic reference tracings ( fig. 3 ). Measurements by two observers at the beginning and end of the study varied, on the average, by only 0.22 cm 
Analysis of Recordings
The phases of the cardiac cycle were marked on the photographic record as follows ( fig. 3 from it. During ejection, this surface moved toward the ultrasound transducer and anterior chest wall at a rate which was initially rapid but which slowed progressively toward the end of ejection, reaching a position closest to the ultrasound transducer at the end of ejection. This position was usually maintained as a brief plateau, following which there was a rapid movement posteriorly and away from the transducer during opening of the mitral valve and early left ventricular filling, then a slow movement in the same direction during the remainder of diastole.
The waveform of the echo from the left side of the interventricular septum was of smaller amplitude (0.42 cm) and had a curious notched appearance. The cause of this notch became clearer when the waveform of the left septal and posterior wall endocardial echoes were compared by placing them close together (figs. 4, 5) . During approximately the initial two thirds of ejection, as the left ventricle narrowed, the walls moved toward each other but in opposite directions with respect to the ultrasound transducer. However, during late systole both walls were moving toward the ultrasound transducer, a movement which was reversed as both walls moved together away from the transducer during early ventricular relaxation. Simultaneous movement of the septal and posterior left ventricular walls in the same direction was thought to represent movement of the left ventricle as a whole. The upper diagrams marked I, II, and III are analogous to figure 1. figure 4 . See text for detailed analysis.
The amplitude of movement and the contour of the septal echo changed with alteration of the ultrasound beam. When the beam was directed in a dorsal, medial, and cephalic direction to record the maximum movement of the anterior mitral valve leaflet ( fig. 2, direction 3 ) the amplitude of septal motion during systole was small, and the notch was more prominent ( fig. 1) . However, when the beam was directed further caudally and laterally from the direction used for the measurement of left ventricular dimension ( fig. 2, direction 1) , the amplitude of septal motion became greater and approximately equal to that of the posterior left ventricular wall ( fig. 1) .
Motion of the outer walls of the left ventricle was represented by the right septal and posterior wall epicardial echoes, which were of similar waveform but smaller amplitude than the inner walls. the minimum length of the dimension was reached at the time of the aortic component of the second heart sound. During isovolumic relaxation, lengthening began either gradually or with a small notch, becoming more rapid as the mitral valve opened and rapid left ventricular filling began. During diastasis there was usually a slow increase in the left ventricular ultrasonic dimension, and a small expansion was sometimes observed during atrial systole. In patients with primary myocardial disease (table 2), the standard ultrasonic left ventricular dimension at the beginning of systole was 6.96 ± 0.43 cm and shortened by 1.03 ± 0.27 cm (14.9 + 4.2%) during systole at a mean rate of 4.43 + 0.81 cm/sec (0.64 ± 0.11 lengths/sec). The left ventricular wall thickness at the end of diastole was 1.14 ± 0.13 cm, and this increased to 1.48 ± 0.82 cm (26.7%) at the end of ejection. The characteristic increase in left ventricular dimension and reduction of fractional shortening can be seen by comparison with a normal subject in figure 6 .
Discussion
Since proof of the identity of the echoes from the left ventricular walls is crucial to the validity of the present study, evidence will first be presented that the echoes described do arise from the left ventricular walls and that it injection of saline into the pericardial sac of dogs during ultrasonic examination.3 The echoes arising from the endocardial surface of the posterior left ventricular wall and from both sides of the interventricular septum were subsequently identified.5 Important confirmation of the origin of the cardiac echoes followed the discovery that injection of fluid by catheter into the cardiac chambers or great vessels during an ultrasound examination greatly increased reflection of ultrasound by the contained blood and hence transiently opacified the lumen.13 In this way the walls of the chamber could be identified with certainty. Feigenbaum et al. used this technic to prove the identify of the echoes postulated to arise from the endocardial surfaces of the septal and posterior walls of the left ventricle.9 Finally, the technic of continuous recording of echoes during scanning of the heart by the ultrasound beam has added further strong evidence of the identity of echoes. By gradually altering the direction of the ultrasound beam in the appropriate directions, the waveform of the echo from the interventricular septum can be observed to change into Circulation, Volume XLVI, July 1972 that of the anterior wall of the aortic root, the echo from the anterior leaflet of the mitral valve into that of the posterior wall of the aortic root, and the echo from the posterior left ventricular wall into that of the left atrial posterior wall ( fig. 1 ). Such observations are consistent with the known anatomic relationships between these structures ( fig. 2 ).
Standardization of Measurement
It might be imagined that a variety of left ventricular dimensions could be measured in a single subject by simply altering the direction of the ultrasound beam. However, provided that the left ventricular echoes were recorded in the standard manner described, the measurement of left ventricular dimension was reproducible when measured successively by independent observers, and this has also been the experience of other workers.'4 This reproducibility can be attributed to the use of the mitral valve as an anatomic landmark to identify the portion of the left ventricular cavity traversed by the ultrasound beam, and to the fact that the echoes from the endocardial surfaces of the left side of the interventricular septum and posterior left ventricular xlall could be recorded simultaneously from only (a limited area of the precordium and wvith the ultrasound beam aimed in this specific directioni. The failure of an experieniced operator to obtain such a recording seems to depend oIn many factors. For example, technical failure is more common in older subjects, in patients with chronic lung disease, and in those with severe mitral steniosis; failure is much less common in left ventricular volume overload due to aortic or mitral regurgitation. The failure rate of 13% in the present study can be considered a representative figure for normal subjects.
Motion of the Left Ventricular Walls
The waveform of the posterior left ventricular wall echo resembled an inverted ventricular volume curve. If both septal and posterior walls moved toward and away from the left ventricular long axis in a symmetric fashion during the cardiac cycle, and if the chamber as a whole did not move relative to the chest wall, it would have been expected that the contour of the septal echo would have been a mirror image of that of the posterior left ventricular wall. However, the smaller amplitude of the septal echo and its characteristic notched appearance can be explained if the changing distance between the left ventricular wall and the ultrasound transducer during the cardiac cycle is considered to be a composite of two movements. The main movements of the ventricular walls were inward toward the left ventricular long axis due to concentric narrowing of the chamber during systole with a corresponding outward movement occurring during diastole. However, superimposed on this motion was a movement of both septal and posterior walls, first toward the anterior chest wall during late systole then away from it in early diastole ( fig. 5 ). Corresponding movements of the left ventricle were also observed during a cineradiographic study in man. Epicardial markers on the left ventricle indicated that the chamber moved slightly toward the anterior chest wall with a counterclockwise twisting motion during approximately the last one third of left ventricular ejection,15 a movement which was abruptly reversed as the left ventricle began to relax. This phenomenon was tentatively attributed to the late persistence of contraction near the epicardial surface of the left ventricle where the fibers spiral from apex to base in a counterclockwise direction.15 It is of interest that Wiggers16 described a similar movement of the exposed heart: ". . . the ventricles rotate to the right giving a more frontal exposure to the left ventricle. On palpation, one experiences not only a sensation of great stiffening but also one of twisting."
Finally, it should be noted that these movements would tend to add to the amplitude of posterior wall movement but subtract from that of the septum, as well as producing the characteristic notch in the waveform of its echo. This may be the sole explanation of the smaller amplitude of septal motion, but the observation that septal movement was greater nearer the apex than at the base of the left ventricle ( fig. 2) suggested the additional possibility that the septal motion might have been limited also by its attachment superiorly to the aortic root ( fig. 7) . The left ventricular dimiieinsioni measured by uiltrasounid has beeni found to approximate closely the left ventricular minior axis in the anteroposterior projection calculated by the area-lenigth method17 both at end-diastole and eid-systole.4 When this evidence is supplemented wvith the anatomic data obtained by passinig a needle through the thorax and heart to simulate the ultrasound beam,18 by plotting the approximate direction of the ultrasound beam on a left ventricular angiogram,5 and by observing the relationship of the mitral valve to the left ventricular echoes during ultrasound scanning, it seems most likely that the direction of the ultrasound beam which records the left ventricular dimension is slightly oblique to the left ventricular minor axis but possibly below the maximum width of the chamber in normal subjects-two errors which would tend to cancel each other. During preejection systole, the small and inconstant changes in left ventricular ultrasonic dimension were not in accord with the theory of "initial systolic expansion" which has been observed in the dog,'9 20 a finding which was in agreement with the previous radiographic study in man. ' 
